We have calculated the chemical trend of magnetic exchange parameters (J dd , N α, and N β) 
I. INTRODUCTION
After the seminal discovery of ferromagnetism in GaAs:Mn 1 with a critical temperature T c as high as 110 K there is worldwide a renewed interest in diluted magnetic semiconductors (DMS). Recently, the Curie temperature in GaAs:Mn could be pushed to values of about 180 K by a careful control of the annealing conditions during the growth process. 2 There is a great search activity to look for alternative materials, especially in the class of II-VI semiconductors (SC). Ferromagnetism (FM) in diluted II-VI SC is known for a long time with up to now low T c values, however. 3 They also serve as model materials since they allow to control the magnetic ions and the doped charge carriers independently. In such a way
it was possible to demonstrate the carrier-induced mechanism of the ferromagnetic state in Pb-doped SnTe:Mn 4 or in p-doped ZnTe:Mn.
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The DMS combine ferromagnetism with the conductivity properties of semiconductors.
Therefore, they are ideal materials for applications in spintronics where not only the electron charge but also the spin of the charge carrier is used for information processing. For instance, they allow to resolve the conductivity mismatch problem which hinders a high polarizability of injected electrons in a ferromagnetic metal/semiconductor junction.
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The ferromagnetism in the traditionally known DMS arises due to Zener's p-d exchange mechanism. 7 The 3d transition metal impurities lead to localized spins S i . Hole doping into the valence band (either by the 3d transition metals itself or by other acceptor impurities)
provides charge carries whose spins interact with the 3d spins. This local p-d exchange coupling J v pd = Nβ leads to a parallel arrangements of the magnetic moments since a ferromagnetic state allows a higher mobility of the doped holes. For a high doping level the material becomes more metallic and the mechanism changes to a RKKY-like interaction. the proposal of room temperature ferromagnetism in Mn-doped ZnO or GaN, respectively, which created a tremendous activity and numerous reports on room temperature FM in II-VI DMS or similar materials.
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However, there are serious doubts whether the reported room temperature ferromagnetism belongs really to the same class of ferromagnetism as that one observed in GaAs:Mn Guillaume et al. 19 Our results prove that we reach the strong coupling limit for ZnO. As we will show below, in that case the impurity potential is so strong that it can bind a hole for ZnO:Mn, whereas ZnO:Co is close to the localized limit. 
II. SUPER-CELL CALCULATIONS
We used super-cell calculations to determine the exchange couplings J dd , Nα, and Nβ.
Since we are mainly interested in the chemical tendency within the II-VI series we restrict our study to the zinc-blende structure. All compounds of the series exist in that modification, The super-cell calculations were performed using the full-potential local-orbital (FPLO) band structure scheme. 28 In the FPLO method (version FPLO5) a minimum basis approach with optimized local orbitals is employed, which allows for accurate and efficient total energy calculations. For the present calculations we used the following basis set: Zn,Co,Mn:
3s3p:4s4p3d, O: 2s2p;3d, S: 3s3p3d, Se: 4s4p3d, and Te: 5s5p4d. The site-centered potentials and densities were expanded in spherical harmonic contributions up to l max = 12.
The exchange and correlation potential was treated in two different ways. First, the local spin-density approximation (LSDA) was used in the parametrization of Perdew and Wang.
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However, as will be shown below in more detail, this approximation has severe deficiencies in the present case. The energetical positions of the Co(Mn) 3d states with respect to the valence band are incorrectly given in the LSDA calculation. They are expected to be much lower in energy and this correlation effect was taken into account by using the FPLO implementation of the LSDA+U method in the atomic limit scheme. 
III. D-D EXCHANGE COUPLINGS
In this Section we are going to determine the exchange couplings between two localized magnetic ions. We are considering two nearest neighbor impurities, each carrying a local spin S i . Then, the Heisenberg Hamiltonian for a localized pair of spins is given by
The corresponding total energies per magnetic ion for ferromagnetic (FM) and antiferromagnetic (AFM) arrangements of the two spins, E F M and E AF M , lead to the energy difference between the FM and AFM states: where S T is the total spin of two parallel spins S, i.e. S T = 3 or 5 for Co or Mn. That energy difference can be compared with the corresponding energy differences of isolated pairs in the large super-cells. Those super-cells where the magnetic ions form chains are different, however. Then, each magnetic ion has two nearest neighbor magnetic ions which doubles approximatively the previous energy difference (2) . The exact energy difference between FM and AFM states of a Heisenberg chain is slightly different, but that is unimportant for our present argumentation.
The calculated exchange constants J dd show a strong variation with U. That is illustrated in Fig. 1 The experimental values of J dd are known with great accuracy by magnetization step measurements or inelastic neutron scattering (see Tables I, II ). The comparison of experimental and theoretical values shows that the LSDA method strongly overestimates the exchange couplings. In our method the Hubbard correlation has to be chosen between 4 and 6 eV to obtain the correct exchange couplings. The precise value of U has also a chemical tendency.
That was revealed in Ref. 32 and can be explained since the compounds ZnA become less and less ionic in going from A=Zn to A=Te. The decrease of ionicity can be measured by a decrease of the charge transfer towards the magnetic ion in the series (Fig. 2) . The charge transfer is correlated with the calculated U value in the constrained density functional calculation. 32 Taking into account this chemical tendency we chose the U values of Tables   I, II to 
IV. P-D EXCHANGE COUPLINGS
The localized magnetic moments S i which are provided by the magnetic ions Co 2+ or Mn 2+ interact with the spin of doped holes s. This interaction can be parametrized in the continuum approximation in the form:
where the magnetic impurities are placed at R i . A similar interaction exists with the spin of doped electrons which is usually denoted by the parameter α. If we transform the Hamiltonian into a lattice model, the interaction (3) becomeŝ
with the sum over all lattice sites i which are occupied by magnetic impurities, and where The mean-field approach works very well for Nα which has small values in all cases.
The reason is the small coupling between the conduction band, which is built by Zn 4s-4p hybridized states, with the impurity states. The calculated values are also in excellent agreement with the available experimental data (see Tables III and IV) .
The situation is different for Nβ. The valence band is built by the anion p-orbitals which have generally a large overlap with impurity states. Therefore, Nβ is much more important than Nα. And this tendency is increased when the lattice constant diminishes in going from
Te to O. As a consequence, the mean-field description, and the proportionality between band- Tables III and IV. To resolve the deviations from the mean-field behavior a Wigner-Seitz approach was developed. 19 We will use it to calculate Nβ more accurately (see also Ref. 43 for GaAs:Mn).
In that theory, the valence band is described in the effective mass approximation with a spin dependent impurity potential. The Hamiltonian for one impurity has the form:
Replacing the spin operator s by s z we obtain a spin polarized scattering potential
where σ = +1(−1) =↑ (↓) and U σ = W − σSJ 
σ | is the ratio of this eigenvalue to the mean-field result
The deviation is controlled by the dimensionless fitting parameter
where U c is the critical potential value for the bound state creation. Tables III and IV. V. LOCALIZED STATE
The Wigner-Seitz fit for ZnO:Mn results in the dimensionless coupling parameter η ↓ = −1.12 corresponding to a localized hole state. That is also directly visible in the density of Table III ). Experimentally, the ferromagnetic sign of Nβ app was recently unambiguously demonstrated for GaN:Fe which is not a II-VI SC, however.
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The difference between Nβ and Nβ app can also be calculated in the Wigner-Seitz or in other approaches.
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In contrast to ZnO:Mn we find no localization in ZnO:Co, but a situation quite close to it. In the corresponding DOS (not shown) the split band has merged with the valence band.
It was already noted that in the LSDA calculations all 3d states are much higher in energy than in the LSDA+U (which contradicts however the photoemission measurements and is an artefact of LSDA). Therefore, we find hole localization in LSDA for all compounds besides Our results show good agreement between theory and experiment for J dd , Nα and for
Nβ in the weak coupling regime (principally ZnTe and ZnSe). However, in the strong coupling case, we would like to argue that our calculated Nβ values correspond neither to the published ones from magneto-optics (see discussion above) nor to those from photoemission.
Since the photoemission values of -2.7 (-3.4 eV) for ZnO:Mn (ZnO:Co) were obtained in an indirect way using the perturbation formula of Larson et al:
The experimental core-level photoemission spectra 22 were fitted by the configuration inter- The obtained parameters are repeated in Table V and allow to determine Nβ according to Eqn. (11) . The Nβ value of -3.4 eV for ZnO:Co was obtained by an identical procedure.
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In the same perturbation approach we may, however, also calculate the nearest-neighbor exchange:
The calculated values are also given in Table V and show large discrepancies to the experimental results (see Table I above) especially in the strong coupling case of ZnO:Mn.
Similar discrepancies can be observed by determining the hybridization parameter t pd = (pdσ)/3 − 2 √ 3(pdπ)/9 by band structure calculations. 53 These difficulties prove that the perturbation formulas (11, 12) have a restricted applicability and have to be treated with care especially for strong coupling. The large discrepancies between different experimental and theoretical approaches for
Nβ in the strong coupling regime point also to the limitations of the oversimplified model Hamiltonian (3) in that limit. The p-d hybridization t pd can then no longer be regarded as a perturbation and the approximation of an infinite valence band width will probably lead to wrong conclusions. It is highly questionable that the strong coupling case can still be analyzed in such a manner.
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